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The calibration and improvement of the Cal Poly supersonic wind tunnel was
performed in order to create a fully functional facility for supersonic testing. While
investigating possible shocks present in the wind tunnel, it was discovered that the real
concern was not the tunnel but the measurement systems. Both measurement systems, pitot
tube and Schlieren, were evaluated and were found to be deficient. The pitot system had so
much play in it that it bent backward every time the tunnel was run invalidating the results,
and giving false shock data. The Schlieren system was missing one vital component to make
it work. By definition the Schlieren was not a Schlieren because it was missing a primary
light barrier. Furthermore, once the Schlieren component deficiency was corrected, the
architecture of the device impeded use with the tunnel because of vibration limitations. The
pitot system was corrected by stiffening the holding bracket and also installing a cross bar
that limited horizontal movement. Moreover, the inner converging-diverging section was
cleaned, smoothed out, and finally aligned and shaped correctly in order to eliminate and
lessen probability of shocks. The experiment was also intended to be used as an instructional
tool for undergraduate students at Cal Poly. Students will be able to measure a shock using a
15 degree wedge, a pitot measurement system, and the ability to see a shadowgraph of the
shock itself.

Nomenclature
A
A*
M
P
T
Vi
X
Y
p

= area [in2]
= throat area [in2]
= Mach number
= stagnation pressure [lb/in2]
= stagnation temperature [k]
= input voltage [V]
= distance upstream of pitot tube
= vertical distance
= static pressure [lb/in2]

Subscripts
N
= normal
shock = shock
1
= plenum
2
= test section
o
= Initial

Greek Letters
β
= oblique shock wave angle [°]
γ
= ratio of specific heats
θ
= flow deflection (wedge) angle [°]

I. Introduction
he supersonic wind tunnel at Cal Poly is a donated research tunnel that has been adapted to serve the
undergraduate community at Cal Poly. It was donated by the Boeing Corporation in 2000. In the 1950’s it was
used as a small scale test apparatus to set up and verify testing methodologies to be done on a larger scale wind
tunnel of the same type. It was donated to Cal Poly for use as a testing apparatus to show students how shocks are
formed and the effects of enthalpy on a real gas dynamics system.

T

This supersonic wind tunnel operates in a blow down configuration. A high pressure air tank causes a large
pressure difference between the pressurized air in the tank and the atmosphere. Air is passed through a plenum
chamber, then through a converging-diverging nozzle which allows the gasses’ to exchange temperature for
1
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velocity. The tunnel is used currently to teach undergrad students about converging-diverging nozzles and also about
the formation of shocks. A pitot tube measures the stagnation pressure in the test section and has the ability to travel
vertically at one axial location. By having this ability to sweep up and down a cross sectional measurement of the
test section pressure can be attained. The students can then use the data to construct a two dimensional picture of
possible shockwaves in the test section.
An electrical traverse moves the pitot up and down. The control for the traverse uses a simple automobile remote
to give rise and fall commands. The system includes the ability to track the movement of the traverse by outputting
a voltage for location awareness. This system only requires electrical power and a steady hand with the remote.
In a previous project, a Schlieren was constructed from PCV piping for use in the wind tunnel in order to visualize
flows. Later that same Schlieren was adapted to the Cal Poly model supersonic wind tunnel (MSWT). During the
adaptation an attachment was added to mate to the MSWT and keep the test section window from receiving
extraneous light. This adapted system, although it works in maintaining the piping attached to the wind tunnel, has
some serious issues with correctly showing shocks in the test section.
The original idea behind the current project was to remove shocks that were supposedly present in the tunnel.
Shocks had been supposedly measured during the Aero 401 undergrad propulsion systems course. It was assumed
that these shocks were producing the pressure losses that were being measured by the pitot tube in the test section.
The original project was to systematically eliminate possible sources of these shocks. We also theorized that there
might also be irregularities in the shape of the tunnel that were causing shocks.
One of the primary issues addressed is our pitot static measurement system. When the actual movement of the
pitot tube was video recorded it was found that in the current setup of the pitot tube was not reliable. This was due
to the way the device moved up and down; it would get momentarily stuck on one of its supports giving inaccurate
readings. The readings were inaccurate because the pitot tube was not aligned with the flow field, which showed a
pressure drop in the flow when there really wasn’t one. Additionally, when the setup did move up and down it was
discovered that entire pitot tube assembly was bending backward also causing false shock readings.
Additionally, the wind tunnel has a Schlieren imaging system to visualize the flow in the test section but it was
discovered that this system is operating as a shadowgraph. It is missing a fundamental component that makes the
visualization system an actual Schlieren optic setup. This was discovered while attempting to align the system and
after several runs seeing no shocks.
This report highlights the process taken to diagnose the problems with the current wind tunnel setup, the solutions
created, and proper instructions on how to use the new modified apparatus.

II. Experimental Apparatus
All experimental procedures discussed in this report were conducted on Cal Poly’s model supersonic wind tunnel,
a 1/10 scale model of a blow-down wind tunnel owned by Boeing. In this blow down system, air is stored in a 25foot long, 8 foot diameter tank. While the tank is strong enough to hold pressures up to 200 psig, the compressor
used to pressurize the tank can only reach levels near 125 psig. The tank is connected via large 6 inch pipe to the test
section. A manual valve is used to release the pressurized air into the system. A pressure regulator is in place to
provide constant pressure to the plenum chamber, however, this regulator is not meant to function properly below
130 psig. Since the flow through the system has a maximum pressure of 125 psig, the regulator does not provide
consistent flow to the plenum, reducing the accuracy of all readings.
Within the plenum chamber is a system of flow straighteners meant to minimize turbulence and create uniform
airflow into the test section. The plenum provides a static pressure reading before the flow enters a convergingdiverging nozzle in which it is accelerated. This nozzle is of variable shape, allowing the user to select a test Mach
number based on the throat to test section area ratio. By using the method of characteristics, the nozzle can be
shaped to maintain isentropic flow to the test section. In the test section, which measures 4.8” by 4.8”, a pitot probe
is used to measure the total pressure inside of the test section. A diffuser and silencer are attached downstream to
suppress the noise created by the wind tunnel and slow down the exhaust flow. Many other attachments have been
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used with the wind tunnel, but are not in use currently. A detailed schematic of the current wind tunnel configuration
can be seen in Fig. 1.
The pitot tube is mounted on a traverse which
allows vertical sweeps to be made during test
runs. This traverse is made by Figelli
Automations and features a 12” stroke with 150
pounds of force. As can be seen in Fig. 2, this
traverse is mounted on the wind tunnel support
structure and is not connected to the test section
itself. The traverse connects to the pitot probe
bracket by way of a pivot as shown in Fig. 3.
Many problems exist with this configuration, and
the solutions found will be discussed in detail
later in the report. The pitot probe bracket itself is
shown in Fig. 4. It features a 0.375” metal rod to
Figure 1. Schematic of the Cal Poly Supersonic Wind Tunnel
which two small 12” metal supports are attached.
The pitot probe is placed through a hole in the
metal dowel and between these supports and secured with two clamps along its length. The
front of the pitot probe is attached to a stationary bracket to ensure the probe orientation
does not rotate right or left of centerline.
Currently, any changes in the pitot
configuration require a complete disassembly of
the test section. To do this, two front plates must
first be removed. The Plexiglas cover may then be
removed by detaching two metal covers running
the length of the test section. Various other
attachments must be removed during the
disassembly, which takes an average of 15 minutes.
Since any changes require 30 minutes of downtime
between runs, a simpler method of accessing the
test section should investigated by future students.

Figure 3. Traverse Connection to
Pitot Probe Bracket

Figure 2. Initial Traverse
Mounting System

The data acquisition system currently includes three
pressure transducers, a position sensor on the traverse,
and LabView software. The pressure transducers from
the plenum (stagnation pressure), pitot probe (stagnation pressure), and tank
output a voltage based on the pressure readings. These voltages have been
translated into gage pressure by known readings and input into LabView with
calibration factors which can be seen later in the report. The GUI used presents
the three pressures, time, and the position of the pitot probe from the base of
the test section. Many of these gauges produce invalid readings after a period
of time, and should be recalibrated regularly. There is a connection for
measurement of the static pressure in the test section of the tunnel but currently
does not have a pressure transducer to measure it.
The Z-type Schlieren system is constructed from pieces of PCV pipe
and spherical mirrors. The reason a Z-type is preferable to a regular linear type
Schlieren is that 2 spherical mirrors setup corrects spherical aberration in the
image, keeping the image from being distorted. In the manual for the device, it
Figure 4. Pitot Probe Bracket
suggested attaching the camera to the Schlieren directly and then focusing the
light in the center. No information was included about placing the camera at the correct focal length and no viable
image was initially attained. The Schlieren had been neglected and the mirrors were dusty and damaged.
The main issue with the current Schlieren system is that it is missing a critical feature in its design. In the Z-type
configuration, as shown in Fig. 5 and 6, has two spherical mirrors are used to reflect and distort the light in a way
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that a primary image and a secondary image are pr
produced.
oduced. When the image begins to refocus it has two images that
are able to be separated from each other by a knife blade or a similar object. This blade is not a feature of the current
setup, so the secondary image which needs to be captured alone cannot be separated from the primary image.
Without having a blade or a color filter to separate the secondary image, the
primary image and the secondary image will remix.
In the current
configuration
configuration, both
oth images diverge from each other and then remix without
being split up making the Schlieren essentially useless. In earlier uses there
were shocks visible in the flow but only when there was a wedge between the
main light and the test section.. Our current theory is that even though the
system is not designed properly it was giving viable images because the test
wedge blocked a good quantity of the blinding primary light and allowed the
secondary image to come through with clarity.. This and a combination of other
factors gave the false
impression that the
Figure 5. Z-type Schlieren
Schlieren was working
working.
Imaging System
When finding the
focal point, ppaper is an
effective way of locating the point before the camera is
introduced; when the correct distance is located, and it is
different every time, a knife blade would have to block only
brightest section of the image shown in Fig. 7. If done
correctly, only the light on the left of the slit image will
Figure 6. Z-Type
Type Schlieren System
come though showing the density changes in the fluid
fluid.
One of the fundamental issues with correcting the Schlieren is the problem of
aligning the knife blade with high enough accuracy when the tunnel is
operating. The required accuracy for the knife blade is about 1 mm. The blade
was inserted by taping the blade to the camera body. It was attempted to insert a
blade during a test to see if the image could be maintained, it could not. Keeping
the blade relatively still during the experiment was not too difficult;
difficult even though
the knife edge is relatively still, the Schlieren apparatus vibrates and twits
causing the image to constantly change position and distort.

Figure 7. Using White paper
to find focus

An additional issue with the Schlieren setup was the condition of the mirrors
in use; the mirrors are severely damaged and need to be resurfaced. Fig. 8
shows the least damaged of the two mirrors. In order to get a clear picture of the
test section, these mirrors must
be replaced or resurfaced.

Figure 8. Damage on the one of the
spherical mirrors
m
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III. Experimental Procedure
For a run, the compressor has to pulled forward and the right side access panel opened. The exhaust pipe must be
checked as to not have anything touching it (it can burn objects if left too close to it). The compressor fuel level is
checked and the battery is then taken from storage and attached. Both battery cables will be red but the connectors
are correctly color coded, black for negative and red for positive. The gauge for the fuel level and the gasoline inlet
is located in the left-rear
rear of the compressor as shown in Fig
Fig. 9. If fuel is needed, it is easiest to use a large funnel as
shown. Keep in mind that for every 2.5 gallons of fuel the compressor can pr
pressurize
essurize approximately five 20 second
runs. If the fuel is old, the compressor is more likely to backfire and will take twice as long to compress the same
volume of air. The start key for the compressor should be in one of the cabinets in
the test cell’s control room. Once the pipe attachment is properly secured to the
tank, and the valve on compressor fully opened, the compressor can then be started
started.
As soon as the compressor turns over
over, one person closes the relief valve while
simultaneously another person opens the tank inlet valve.
As the compressor is pumping air into the storage tank, it is a good idea to attach
the diffuser/silencer section to the tunnel. The diffuser
diffuser/silencer is quite heavy and
can be hard to work with when trying to get it above the small concrete step at the
entry way. The best way to move it is to raise the right front and left rear legs if
Figure 9. Filling the Gas
tank
you are attempting to get the left front leg up the step. This will create a ful
fulcrum to
teeter the diffuser/silencer and lift the leg above the step. In Fig. 10 you can see that
the leg on the right is raised enough as to allow the leg on the left to rise above the step. Once the diffuser/silencer is
in place, lock it by attaching the two retaining rings between the test section and the diffuser/silencer. An adjustment
strap is used to secure them together. Once the compressor reaches 120
psig it is best to shut it down with 2 people. One person closes the inlet
valve on the tank as the other person opens the relief valve on the
compressor (make sure to have ear protection when doing this). Let the
compressor run on no-load
load for about 3 seconds then proceed to shut it off.

When lowering the top plate on the converging-diverging
diverging section
secti make
sure all the seals are intact. Toward the rear of the plate there can be
separation of the seal from the backing plate when placing the top plate. If
seals are missing, refill with caulking cord. Seals should be replaced when
the seals begin to degrade (More than 5-8 uses). As shown in figures 11,
12, and 13, the top plate must be secured to the top of the converging–
converging
diverging section, latches from the diverging-converging
converging section to the test
section, and the strap tightened down on the retention rings
ri
between the
diffuser/silencer attachment and the test section.

Figure 10. Raising the
diffuser/silencer into place

Figure 11
11. Holding bars for top plate

Figure 12. Four latches between test
section and converging–diverging section

Figure 13. Strap for 2 fittings around
test section and diffuser/silencer
attachment
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Once all the physical connections are made in the test cell, connect the laptop to the DAC USB connector (laptop
should be located in one of the corner lockers, and the DAC is labeled SSWT). Once the USB connection is made,
turn on the laptop and log in (no password is needed). On the desktop locate the file called SSWT GUI with traverse
June 17 2010 and open it. Set the power supply to 15 volts and current limiter to about 1.5 amps. The power supply
does power both the instrumentation and the traverse. Shown in Fig. 14 the setup should already be wired correctly
and in place for a run. When the GUI asks for a filename name it run#.txt. It is easiest to run a test data collection
while charging the tank, this makes sure the transducers are working, and is an easy way tto
o see the tank pressure at
any given time
Attachment of the Schlieren involves lowering the device with
the steel cross bar topside of the MSWT. As shown in red in
Fig. 15, the steel cross bar holds most of the weight of the
Schlieren. When attaching the Schlieren to the tunnel it is best
to have two persons. The side facing opposite the control room
should be mated first. After the initial mating, one
o person holds
the Schlieren and the other slowly mates the adjustable side, that
is facing the control room, with the variable push rods. When
both ends are correctly mated, as shown in Fig.
F 16, the Schlieren
will hold itself up. Once attached the power must be connected
to the LED. Attach the wires from the power supply to the
Schlieren making sure to connect the positive lead to the longest
lead on the LED.
Figure 14. LabView equipment setup
Note that the
power supply has
nel to keep it from falling off. Once
to be securely attached to the tunnel
the light source is on, the Schlieren needs to be aligned
aligned; take off the
felt covers on the ends of the Schlieren to adjust the 3 thumb screws
that control the mirrors’ placement as shown in Fig. 17. The light
should come right out the middle of the system’s observational
opening. Use a tripod to place the video camera. Place the video
Figure 15.. Steel cross-brace
cross
for
camera past the focal length of the light at the Schlieren entrance to
Schlieren
record the experiment. It is important to replace the felt covers in
order to keep ambient light from entering the Schlieren.
Before running the wind tunnel, ensure for safety that all latches on the test
section are secured, LabView is set up and running,, the area around test cell
is cleared of people, and hearing protection is given to everyone present.
Once ready for a run, make sure
LabView and the camera are properly
recording and have another person turn
the manual control valve on. Run the
setup for approximately 20 seconds to
get rid of transients in the flow
Figure 16.Correctly Mated
measurement. Approximately the first
Schlieren
3 to 5 seconds is time for the pitot tube
fixture to recover from the initial forces put on it and stabilize. Once this time
has passed, begin moving the pitot tube from top to bottom for best results. It
should be moved downward to increase accuracy as it goes, since the moment
Figure 17. Schlieren mirror
arm from its attachment
achment is longest when the probe is at the top of the section.
adjustment screws
When the probe is moved downward, the accuracy will only increase because
of the lowering moments on the fixture. O
Once
nce the run is over check to make sure to shut of the video camera and
stop recording in LabView.
When testing, make sure to drain the tank at least once daily to remove excessive moisture buildup by bleeding
the drain valve located opposite of the inlet shown in Fig
Fig. 18.
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Figure 18. Drain valve on main tank

IV. Analysis
For consistency, the same analysis process was performed on the data collected during every run throughout this
project. After an alteration was made, tests were completed, and the results were able to be compared to previous
results to see the effect the alteration had. The analysis technique used is explained below.
LabView records the pressures in the air storage tank, the static pressure in the plenum, and the stagnation
pressure in the test section with the pitot probe. It also records the time, and the vertical position of the probe. Using
the LabView software, voltage readings from pressure transducers are translated to gage pressure readings. This is
completed by using calibration factors for each input. To determine the factors, known inputs were used and the
direct voltage reading from LabView was recorded over the desired range. For the pressure transducers, a portable
air compressor was used to find the voltage output for a known pressure. For the vertical position of the probe,
calibration was completed by directly measuring the distance from the base of the test section and recording the
output voltage reading in LabView. Though it is recommended to calibrate the pressure transducers and position
indicator before every new configuration, the current calibration factors can be seen in Table 1.
Table 1. LabView Calibration Factors

LabView Input
Calibration Factor

Pitot (Total Pressure)
Vi x 24.558 – 25.372

Plenum Pressure
Vi x 74.742 – 74.416

Tank Pressure
Vi x 72.674 – 10.052

Traverse Location
Vi x 2.4304 + 11.988

Outputting this data in a plain text file allows it to be read into Matlab for analysis. Using a code written
specifically for this project, an infinite number of runs are able to be analyzed in an identical fashion, making
comparison simple. This code, which can be seen in the appendices, takes the LabView data, ambient pressure and
temperature and calculates Mach number during the run, as well as static temperature. The code then creates plots of
tank pressure, plenum pressure, total test section pressure, pitot probe vertical position, Mach number, and static
temperature all over the run time. It also creates an overlaid plot of total pressure and pitot probe vertical position to
give more insight to flow conditions during vertical sweeps. The Matlab code written for this project saves every
figure, as well as all calculated values so they can be manipulated at a later time for comparison. The equations
needed for this analysis can be seen below.
Since each data set contains unimportant data points when the wind tunnel is not running, the Matlab code was
written to only plot data when the plenum chamber pressure was 2 psi above ambient, ± 3 seconds. This allowed
only the actual run data to be processed, made the computation times faster, and the charts less messy. All pressure
data was converted into absolute pressure by adding the ambient pressure and the time was changed into seconds
from milliseconds. Using the plenum static and test section stagnation pressures, shown in Fig. 19, a pressure ratio
can be calculated. Since the converging-diverging nozzle is theoretically shaped with the method of characteristics,
it is meant to maintain isentropic flow to the test section. Using isentropic relations, the Mach number in the wind
tunnel can be found by solving Eqn. 11.



 1

M 

⁄



(1)

This Mach number can be compared to the theoretical
Mach number based on the diverging nozzle area ratio. With
a throat area of 0.9” x 4.8”, and a test section area of 4.8” x
4.8”, it was found that the area ratio, A/A*, corresponds with
a Mach number of 3.24 based on the solution of Eqn. 21.
Figure 19. Diagram of measurement placement
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It should be noted that the nozzle is shaped by the method of characteristics in an attempt to maintain isentropic
flow to the test section. Since the flow may contain shocks due to irregularities in the test section, the Mach number
may not actually be 3.24. This will, however, be our reference Mach number in all analysis completed in this report.
The static temperature inside the test section is also calculated for each run for analysis purposes. Using the
ambient temperature in absolute units and the Mach number, the static temperature can be calculated using Eqn. 31.
o
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(3)

As explained later in this report, a wedge was designed to be placed upstream of the test section to induce an
oblique shock in the flow. By doing this, it is possible to analyze the flow and trace the shock back to the source.
This is completed with a simple analytical process, needing only the location of the shock at the plane of the pitot
probe, the flow deflection angle, and the Mach number. If the Mach number and the deflection angle (θ) are known,
the oblique shock wave angle (β) can be found as the solution of Eqn. 42, by using an oblique shock relation table, or
using an online calculator such as Virginia Tech’s Compressible Aerodynamics Calculator3.

M sin β ! 1  



M tan β θ

(4)

With this angle, the shock wave can be traced to its source using trigonometry if the vertical location of the shock
can be found at its intersection with the plane at the tip of the pitot probe. Since the test section is a known height of
4.8 inches, the upstream location of the compression corner can be found using Eqn. 5.

X&'() 

*.," ./0123 

(5)

456 7

A diagram of the shock tracing procedure
can be seen in Fig. 20, where Yshock is the shock
vertical location, Xshock is the distance from the
compression corner to the tip plane of the pitot
probe, and β is the oblique shock wave angle. The
wedge used for this experiment was designed to
produce an oblique shock angle which would
intersect the pitot plane before reflecting off the
base of the test section. This will severely reduce
the complexity of calculations, and should increase
the accuracy of and confidence in our results.

Using the data collected, the vertical location of
the shock can be estimated as the point where the
stagnation pressure drops from its free stream value to its theoretical value on the opposite side of the shock. This
pressure ratio can be anywhere from 0.80 to 0.95 for our range of Mach numbers and the 15° wedge angle used in
our analysis. The theoretical pressure ratio can be found by using Eqn. 62.
Figure 20. Oblique Shock Tracing Procedure
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where M1N is the Mach number normal to the oblique shock wave as defined by Eqn. 7.

M

:

 M sin90° ! β
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(7)

V. Experimental Process
This project began, with an understanding that shocks were present in the MSWT test section. It was our goal to
systematically eliminate possible sources of these shocks, and create a more accurate method of recording data so a
better picture of the flow conditions could be seen. The following pages describe the process which we followed, the
problems diagnosed, solutions implemented, and subsequent results from each round of testing complete. The wind
tunnel was run after each alteration to ensure that a more accurate picture was being developed, and to lead us to the
next logical step in eliminating the inaccuracies in the apparatus. Before any alterations to the apparatus were
started, it was necessary to do a round of initial tests to set a baseline for the work completed during the course of
the project.
A.
Initial Testing
Using the experimental procedures and analysis techniques explained previously, 15 test runs were completed
with various configurations. These configurations included testing with the pitot probe stationary at multiple vertical
locations in the test section, using the traverse to move the probe from the top of the test section to the bottom, and
sweeps from bottom to top. It was hoped that all tests would produce similar results, so the problem areas could be
easily identified. This, however, was not the case. The results obtained from initial testing were quite varied. Of the
15 tests, the results from only two will be shown, since they are representative of the other results. As can be seen in
Fig. 21, the total pressure as measured by the pitot probe varied dramatically over the course of the run.
It was initially thought that the drop in pressure at
t=7s showed the initial shock travelling through the
test section before settling in the diffuser and the
large pressure drop at t=12s was an oblique shock.
Looking at the overlaid vertical position plot, the
supposed oblique shock would be located
approximately 2.5” from the base of the test section.
A major discrepancy can be found in this analysis,
as can be seen after t=20s in Fig. 21 If a shock wave
actually existed, a pressure drop could occur, but the
eventual rise of pressure near the end of the run
would not occur unless the pitot probe was again
raised above 2.5 inches. This configuration was
repeated to see if the same results were obtained,
and it was found that consistent results were not
occurring. In figures 22a and 22b the odd results
were explained.
Figure 21. Initial testing results thought to show oblique
shock waves in the test section (Pressure units in psia)

To determine whether the pressure readings were
accurate, it was determined a run should be made at a
stationary pitot location. To double check the pitot setup, a
video camera was placed so that the tip of the probe could
be monitored. During the run, it was seen that though the
pitot was not moved by the user, the alignment was
completely thrown off. The force of the air travelling
through the MSWT pushed the probe backward. Since the
linkage to the traverse was connected via a pivot, a
pitching motion occurred, and the probe oscillated over a
range of approximately 20°. This motion can be seen in
Fig. 22a and 22b. In Fig. 22a, the probef is properly
aligned before the run is started, while in Fig. 22b, the
probe is absent from the picture as it was pushed out of
alignment by the flow.

Figures 22a and 22b. Probe properly aligned before run begins
and then probe missing from view during run
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The stagnation pressure data from this test can be seen in Fig. 23. For the majority of the run, the pressure acts
erratically, dropping and increasing rapidly.
Watching the video that corresponds with this run,
it is seen that the probes motion was directly
responsible for these results. The probe was not
measuring actual stagnation pressure, but a much
lower value due to its misalignment. While this
was the main reason for the inaccurate readings,
the actual voltages measured by LabView were
also erratic, due to improper wiring of the pitot
probe pressure transducer. To fix this, the
transducer wiring was simply reconnected,
soldered properly, and recalibrated to get accurate
readings.
The probe did remain stationary during part of
the run and was aligned to the free stream. This
section can be seen from t=50s to t=75s. During
this 25 second period, it can be seen that a
Figure 23. Initial testing results show erratic, inaccurate
constant stagnation pressure was measured, as
readings (Pressure units in psia, range:0-45 psia)
would be expected. Using these results, it was
determined that the “shocks” seen during the 401
experiments may not have been oblique shocks, but simply inaccurate readings from the setup. The initial fix for
this, which can be seen in Fig. 24, was to secure the linkage from the pitot probe
to its mount to ensure there was limited play.
By taping the pivot joint at the top of the traverse and a few other locations, the
majority of the play was removed from the linkage, and another run was
completed. More stagnation pressure data was recorded, as shown in Fig. 25, with
results similar to the expected constant pressure. Fig. 25 still shows there is some
variation during the run, as well as a good deal of random error throughout the
results. This error is a product of the pressure transducers and LabView. Since the
voltages output by the transducers is small (0-5V), a light variation is amplified by
the calibration factors used. The variation seen does show a slow dip in the
stagnation pressure over the course of the run. This pressure drop, while less
erratic and with a much smaller effect than before, still is attributed to the probe
motion causing a
Figure 24. Temporary
misalignment
to
Solution to Reduce Pivot
occur.
Since using tape to secure the pitot probe and stop it
from becoming misaligned with the flow is not a
permanent solution, a better mounting system had to be
developed. This mounting system, which will be
described later in the report would allow for the
traverse motion to occur, but keep the pitot probe
directly aligned with the incoming flow.

Figure 25. Results after securing traverse-pitot pivot
connection show more accurate pressure readings
(Pressure units in psia)

While the mounting bracket was being designed
and built, the focus of work was to clean the interior
surfaces of the test section and converging-diverging
nozzle. Oxidation, excess sealant, and many other
possible disruptions to the flow were present. While
cleaning, it was also noticed the nozzle was not
properly shaped. This process is explained in detail on
the following pages.
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B. Smoothing, Shaping, and Correcting the Converging-Diverging section
When the tunnel was taken apart after the initial runs it was discovered that there were large amounts of
corrosion, shown in Fig. 26-28. This corrosion is a byproduct of the lack of an air dryer needed to remove moisture
from the incoming air in the main tank after the compressor. During every run there is a substantial amount of
moisture that is introduced into the tunnel causing corrosion on the steel surfaces. The side walls of the tunnel are
aluminum but the top plate and the bottom plates are made of steel, leaving them vulnerable to corrosion.

Figure 26. Rust on the bottom of the
wind tunnel test section

Figure 27. Rust on bottom plate after Plenum

Figure 28. Rust and
wall deposits at the
throat section

Not only was there a lot of debris on the test section walls, but the converging-diverging section was not
correctly shaped. It had inconsistencies in its shape that could cause disturbances in the flow, shown in Fig. 29. As
stated previously, the shape was determined by the method of characteristics to maintain isentropic expansion
through the nozzle. These inconsistencies could cause increases in entropy, and a decrease of the flow Mach
number. Fig. 30 and 31 show that large gaps in the throat were present. Since this severe distortion was at the
throat, the flow could have been highly affected. This gap could cause the loss of an isentropic flow, increased
turbulence, and the introduction of oblique shocks. Since there would be a large pressure loss, the data could
artificially show substantial losses attributed to shock formation. Moreover, since the flow would have a sharp point
to reflect off of its possible that the gap could also produce oblique shock waves. Considering we were attempting to
remove shocks, correcting this section was necessary.

Figure 29. Misshapen and damaged
throat section

Figure 30. Gaps in the Throat
section of the wall

Figure 31. Bent section in
converging diverging section of
tunnel
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The repair of this section was done by sanding all surfaces to remove corrosion using 1500 grit sandpaper. After
the surfaces were sanded smooth, an aluminum polishing compound, BlueMagic Liquid Metal Polish, was used on
the aluminum sections. Also if needed the interface between the converging and the diverging section was lightly
hammered to the correct shape. The finished surfaces can be seen in Fig. 32 and 33. The Plexiglas was also cleaned
sanded and reconditioned. It was repaired with a product named Crystal View Chemicals Inc’s Headlight
Restorer/Defogger. It can be purchased at www.myheadlight.com or large retail and automotive stores.

Figure 32. Polished aluminum surfaces

Figure 33. Top steel plate polished

Initially there was paint present in the test section, but because it was relatively thick, it had sizable gouges that
could disturb the flow. We removed the original paint from the interior section. We recommend that instead of
repainting the section an anti-corrosive coating should be applied to the steel sections.
Once the corrosion was removed, shown in Fig. 32 and 33, we proceeded to repair the converging diverging
section. Since there were no instructions in the adjustment of the section, a guess and check approach was taken.
When attempting to adjust the converging diverging section it was found that different tools had to be used for
different shaping rods. Shown in Fig. 34, rods have square shaped ends on them that are compatible with small
socket back ends shown in Fig. 35. A tool had to be invented that could produce the torque needed to turn the rods
and still get around some interference issues with the layout of the apparatus. The tool was a combination on three
tools: a multiuse star adapter, a wrench and a small sized 5/16 socket that matched the square pegs on the rods. This
tool had to be used because some of the rods are blocked off and could not be accessed directly.

Figure 34. Rods that control the converging diverging
section shape

Figure 35. Invented tool for use with the section control
rod
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The rods near the throat require a different approach. Since there is very little room to work with, 3 bolts are
turned instead of pegs, and the rods are almost impossible to access. To get around this issue a set of open socket
ratcheting wrenches, shown in Fig. 36, were purchased for use as shown in Fig. 37.

Figure 36. Open socket ratcheting wrench

Figure 37. Correcting the inner wall of the throat section
of the tunnel

Once the inner sections are corrected, the round converging section is corrected by adjusting two rotating rods
located outward from the converging section. They control the translation of the converging section of the tunnel,
shown in Fig. 38. Once the translation of the section is adjusted the round section can be rotated as shown in Fig. 39
to get the correct match to the throat of the section.

Figure 38. Translational control for converging
section

Figure 39. Rotating the Converging section to adjust to
expansion section

Resealing the test section was a challenge because the tunnel currently uses Mortite caulking cord, as seen in Fig.
40, for sealing. The material works great for one time use, but for repeated use it does not work very well. The
reason it does not work well is that when placed on the sealing surfaces of
the tunnel it tends to stick out when the top plate is compressed on top of it.
Because of this compression effect, one has to go in and remove the excess
when placing a new layer every time. Ideally a rubber seal would work
much better. This problem can be seen in Fig. 41. After asking many
hardware stores for the correctly sized rubber seal none was found. It might
be possible in the future to order a customized length of rubber seal from an
Figure 40. Mortite caulking cord
internet raw seal supplier.
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Figure 41. Residue left by calking cord when disassembling test section

When dealing with the excess cord that is hanging in the interior of the test section, as shown in Fig. 42, it is best to
use a wire brush, as shown in Fig. 43, to tear off the excess pieces. Since the cord is under high compression it will
tear off in whole pieces.

Figure 42. Excess Cord on side walls

Figure 43. Using a wire brush to remove excess
cord

C. Traverse and Pitot Bracket Configuration
The traverse setup, while it did provide the ability to sweep vertically during runs, creates a large source of error
in the measurements and understanding of the flow conditions in the test section. Since the pitot bracket is connected
to the traverse via a pivot as shown previously in Fig. 3, the pitot probe has the tendency to pivot as the traverse
moves up and down. These probes are meant to measure stagnation pressure, and therefore must be aligned with the
flow to ensure accurate results. When the orientation of the probe is not parallel to the flow, a lower pressure, not the
total pressure is being read. If the cause of these lower pressures is not fully known, they can be misinterpreted as
shock waves within the flow. We believed this has occurred during previous experiments, and is the main reason
this project has been selected for further investigation.
Since the traverse motion itself causes misalignment of the probe, the results are not reliably accurate. The
traverse motion is not the only source of misalignment for the pitot probe. As stated in the Experimental Apparatus,
the probe is secured with string to a bracket near the tip to ensure the probe would not rotate left or right.
Unfortunately, while the string restricts rotation of the probe, it catches on the bracket causing a pitching motion in
the pitot probe.
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While the pitot probe fails to remain aligned with the flow due to the movement of the probe setup itself, one
additional reason exists. Since the pitot probe bracket and traverse is not securely attached to the test section, it
allows for unwanted play in the pitot bracket. This allows the probe to move during runs where it should be
stationary and no sweep is occurring. When the system is running, the pressure of the air provides a lifting force on
the probe, driving it as far upwards as the bracket play will allow. Since the bracket is connected by a pivot to the
traverse, the probe is allowed to stray away from the desired position parallel to the flow.
In order to maintain proper alignment of the probe, but still allow for the traverse motion, a simple solution has
been developed. By attaching the pitot probe bracket directly to the traverse, and the traverse directly to the test
section, the pivot bracket will be removed, and the probe will be much less likely to become misaligned with the
flow. The initial solution to connect the pitot probe to the traverse can be seen in Fig. 44. A hole is drilled into the
top of the traverse, and the 0.40” diameter
metal rod that supports the pitot probe is
inserted. This will prevent the pitot probe to
pitch in relation to the traverse. A bolt is
inserted into the traverse and through the
pitot probe support, preventing any rotation
of the pitot support, but allowing the probe
to move up and down with the traverse. The
traverse will then be secured directly to the
test section via the bracket shown. A series
of L-brackets connect the traverse to the
base plate, and then to the actual test
section. As can be seen in Fig. 44, a backing
plate is installed on the base plate so the
traverse cannot pitch backwards. With the
entire linkage properly secured, the pitot
probe should only be allowed to move
vertically, with no rotation or pitching
movement. This will ensure accurate
pressure measurements during each run.
After the new bracket built and installed,
further tests were conducted to see if we
Figure 44. Bracket Designed to Eliminate Pitot Probe Misalignment
could get constant pressure readings. Fig. 45
shows the results from one of the tests after the
initial bracket design. As can be seen in Fig. 45, with
the new mounting system in place, very constant
stagnation pressures were found when the pitot
probe was held at a stationary vertical location.
These results match what is expected, as the pitot
probe no longer was allowed to become severely
misaligned. To ensure the probe was maintaining its
proper orientation, a video camera captured its
movement during these test. It was seen that some
oscillation did occur, but was slight. This oscillation
is what causes the error seen in Fig. 45. In further
tests, this oscillation was reduced by a few methods
which will be discussed.
When the traverse was used to move the probe,
different results occurred. With the movement of the
traverse, the probe was pushed out of alignment and
the force of the air travelling through the test section
amplified this movement. Fig. 46 shows the results
from a run when the traverse was used.

Figure 45. Results after initial bracket design show constant stagnation
pressure (Pressure units in psia)
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Since there was still a little bit of play in the linkage of the bracket, the pitot probe still had the ability to become
misaligned from the flow, showing drops in pressure. In Fig. 46, a large pressure drop can be seen around t=12s,
shortly after the tunnel was started. This is due to the initial force on the pitot probe which “pushed” it back and out
of alignment. As the pressure in the plenum decreased, the force on the bracket decreased as well, and the pitot
probe slowly reset to its proper location,
increasing the pressure reading along the
way. During this run, the probe was allowed
to reset to its aligned position before a
sweep from top to bottom was performed.
Other than the initial pressure drop, the
results were fairly constant throughout the
test section, as to be expected. From these
results it was determined that the new
bracket was working properly, but needed to
be enhanced to remove all the play from the
linkage supporting the pitot probe.
The slight play in the mounting system
was due to limitations in the precision of
our machining. Since we had limited
machining experience, the tolerances on the
bracket parts were larger than ideal. In order
to make up for these slight variations in
tolerances where piece met, we came up
with a unique solution; plastic. Regular
Figure 46. Results from traverse run show inaccuracies caused by
misalignment (Pressure units in psia)
polyethylene plastic was used (Plastic found
in Zip Lock bags). As can be seen in Fig. 47,
plastic was placed as a spacer between concentric parts where play existed. This forced a press fit, and eliminated all
but the slightest play in the linkage. Though the pitching motion of the traverse was limited, electrical tape was used
to further secure its movement as can be seen in Fig. 48. An addition, a cross brace was soldered to the pitot probe
bracket to prevent any yawing motion during the runs. This brace, which is shown in Fig. 49, was cut to 4.75 inches,
giving a minimal 0.025” inch gap between each side and the test section wall. This still allowed for the up and down
traverse motion, but did not allow the pitot probe to rotate out of alignment.

Figure 47. Plastic used as a spacer
in concentrically connected parts

Figure 48. Securing the traverse body
with electrical tape

Figure 49. Pitot probe cross
brace

With the addition of these components to fully secure the traverse and pitot bracket, all the play was taken out of
the linkage, and only a very minimal oscillation remained while performing test runs. It is recommended that these
bracket components be re-machined at a future date with more precision so these techniques do not have to be used.
This will create a more permanent solution to the problem of having play in the bracket.
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Once all the play was taken out of the bracket linkage, it was expected that the pressure data collected during a
vertical sweep of the test section would show an absence of shocks, and have a constant stagnation pressure. This
would prove that the inconsistent data seen during 401 experiments was a product of inaccurate readings, and not
oblique shocks as originally believed. It was already shown that during runs where the pitot probe was stationary,
constant pressure data was collected, proving that the apparatus was providing accurate readings during this
configuration. As can be seen in Fig. 50, after all the play was completely removed from the linkage, a near constant
stagnation pressure was seen throughout the flow field.
According to oblique shock theory, if a shock was
present, when the pitot probe intersected it, a drop in
pressure would be seen on the opposite side. This cannot
be seen in Fig. 50, proving there are no shocks present in
the test section.

Figure 50. Pressure data shows absence of oblique
shock waves in the test section (Pressure units in psia)

Looking at the vertical position, the probe was swept
from position of approximately 4.0 inches to 1.8 inches
from the base of the test section. During the run from
t=8s to t=28s, the stagnation pressure measured by the
pitot probe was a near constant 19.98 psia, with an
average error of ±0.41 psi. After redesigning the pitot
mounting system, it was found that shocks did not exist,
it was simply an artifact of very inaccurate measurement
techniques. With this accurate knowledge of the flow
conditions within the test section, we were able to have
confidence in the analysis completed on the recorded
data.

Using the Matlab analysis technique described above, the following data was found. Using Eqn. 1 and the
plenum pressure trace as seen in Fig. 51, the Mach number was calculated for the entire run. This Mach data can be
seen in Fig. 52. In this figure it is seen that the Mach number starts at 2.96 and linearly decreases to M = 2.51. This
decrease is due to the static pressure measured in the plenum chamber. Since the pressure regulator does not
properly work below 135 psig, and our setup only outputs a maximum of 125 psig, the plenum does not hold
constant pressure as can be seen in Fig. 51.

Figure 51. Plenum pressure trace for stiffened Pitot
tube in “clean” flow

Figure 52. Mach number trace for stiffened Pitot tube
in “clean” flow

Since the pressure is decreasing, the calculated Mach number will decrease with a direct relationship. Over the
course of the run shown above, the average Mach number was 2.71. Comparing this to the theoretical Mach number
of 3.24, a percent error of 16.36% exists. While the main cause of this decrease in Mach number can be attributed to
low plenum pressures, other explanations may exist as well. Theoretically, the nozzle is shaped by the method of
characteristics to produce isentropic flow expansion from the throat to the test section. Since the diverging section is
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variable shape, and multiple pieces, there can be slight discontinuities in the walls. Though many of the major issues
were solved as described previously, the design is not as smooth as a single solid nozzle, and the seals may cause
disruptions in the flow. These disruptions could cause non-isentropic flow and a decrease in flow velocity.
D. Creating Artificial Shocks
After accurate and reliable results were gathered for the flow, and it was determined that there were no shocks
present in the flow as original hypothesized, it was necessary to see if an artificial shock could be introduced into the
flow. Originally, this was done by placing a strip of epoxy across the base of the wind tunnel approximately 7 inches
upstream of the test section separation point, as can be seen in Fig. 53. The epoxy was placed perpendicular to the
flow so a two dimensional shock would form, only reflecting off the top and bottom of the test section. The main
reason for picking epoxy was the quick set time, ease of removal, and the
ability to maintain integrity at high air speeds. Using the pressure
measurements to locate the shock at the pitot probe tip, it was thought
that the angle it forms could be compared to oblique shock theory. There
is a major issue with this method however. Since oblique shock theory is
based on a certain flow deflection angle, which is unknown due to the
nature of the epoxy, a very accurate comparison is not possible.
Furthermore, the epoxy had a very round top surface that might not cause
a large enough change in the flow direction to produce a measurable
shock.
After attempting to use the epoxy and not getting any meaningful
Figure 53. Epoxy meant to induce
results, it was decided that using a solid aluminum wedge to cause a
artificial shock
“clean” shock would attain better results. By having a clean angle, in this
case 15°, it could produce a shock of approximately 33 degrees, shown in Fig. 54, based on our known Mach
number, which would intersect the test section window. We chose 4 inches from the pitot tube plane to both be able
to measure the initial shock and also see the shock
intersect the window cross section. By having the shock
cross the window it is possible in theory to see the
location of the shock using a functioning Schlieren
system. The wedge, which can be seen in Fig. 55, was
designed in a way to be easily removed and reattached.
Also having the ability to move forward and backward
gives the user the ability to move the shock to different
locations in the test section. It was made of aluminum in
order to make it easy to build and also not corrode in the
wind tunnel.
Figure 54. Placing the wedge in the tunnel (not to scale)

Placing the wedge into the flow is a fairly simple
exercise. The first step is to apply clean caulk cord to the
section where the wedge is to be placed. Once the cord is
placed, a sharp tool like a blade is needed to remove only the top layer of the cord that is not flush with the surface,
as shown in Fig. 56. Once the excess is removed, the wedge is firmly
placed on top as illustrated in Fig. 57. Adjust the wedge forward or
backward depending the required shock location. For our experiment we
placed it at 4 inches from the Pitot tube. This gave us the best view for
using the Schlieren. Once the wedge is in place in the desired location,
more caulking cord needs to be placed on top of the wedge, seen in Fig.
58, to correctly seal the sides of the tunnel with the top plate. Apply a
generous layer and then proceed to mount the top plate. The top plate by
pressure will push out the excess cord. Simply remove the excess using
a blade and wire brush.

Figure 55. 15° Wedge designed for the
test section
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Figure 56. Removing excess caulking
cord for wedge placement

Figure 57. Placing the wedge on
top

Figure 58. Adding final layer of
caulking cord to top of wedge.

This wedge when placed in the test section acts as a compression corner, forcing the flow to deflect, causing an
oblique shock wave to form. With confidence that our measurement technique was accurate, data could be collected
for this configuration with the wedge in place and compared to theory to determine the location of the shock and its
source. Using only the stagnation pressure recorded from the pitot tube, the static pressure from the plenum
chamber, and the vertical location of the pitot probe, the oblique shock could be traced to its source using the
technique described in the analysis section.
As seen in Fig. 59, the stagnation pressure in the test
section varies along the vertical direction. At the bottom of
the test section, approximately 2.2 inches from the base, the
stagnation pressure shows an average of 19.92 psia, very
similar to the baseline test without the wedge. Above this
point, a pressure loss occurs. Taking the average of this
lower pressure, from t=18s to t=22s, the stagnation pressure
in the upper portion of the test section is found to be 17.87
psia. Using these readings as the pressures on either side of
an oblique shock, the stagnation pressure ratio is found to
be 0.8971. To compare this to theoretical data, the average
Mach number for the run must be found. Using the Mach
trace as seen in Fig. 60, the average Mach number was
found to be 2.80 from t=17s to t=31s. Using Eqn. 6 and 7,
the theoretical pressure ratio for this average Mach number
and the known 15° wedge angle can be calculated as
0.9097, giving a 1.39% error for our calculations. This error
Figure 59. Pressure data shows oblique shock wave in
is well within an acceptable range based on the accuracy of
the test section (Pressure units in psig)
our instruments.
Using the overlaid plot shown in Fig. 59, the vertical
shock location can be estimated as approximately 2.2 inches
from the base of the test section, since this is the point
where the stagnation pressure loss first occurs. To trace this
shock to its source, the shock wave angle must first be
calculated from Eqn. 4. Using the average Mach number of
2.8, the shock wave angle was found to be 33.85°. Using
this angle, the vertical location of 2.2inches and Eqn. 5, the
distance from the pitot plane to the source of the shock was
found to be 3.88 inches. Comparing this to the actual
distance of 3.65 inches from the pitot plane to the point of
the wedge, this process produced an error of 6.30%. These
results show that the process to trace shocks back to their
source works properly and at a high level of accuracy.
Figure 60. Mach trace for run shown in Fig. 59
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During the final test, with the 15 degree wedge in place, some partial results were attained from the Schlieren
system. The results were not due to the system working correctly, but from the moisture in the tunnel giving a faint
outline of the flow field in the tunnel. Shown in Fig. 61, the tunnel flow pattern is slightly visible. Much easier to see
in the video, the water movement helps distinguish the flow. Since the wedge is not directly in the center blocking
the primary light only a weak picture appears. Comparing this to the data
results previously discussed, it is believed that an oblique shock was
formed at an oblique shock angle of approximately 34° from the top of
the wind tunnel.

VI. Conclusion
Initially it was assumed that the pitot measurement system in the
MSWT was fairly accurate in giving viable data. It was also assumed
Figure 61. Schlieren image of
that the Schlieren system was functional. The pitot system was to be used
oblique shock produced by
to investigate and localize the location of whatever article was causing
moisture interaction with Plexiglas
shocks. The Schlieren system was also to be used as an aid in visualizing
the flow in order to trace back the shocks in the tunnel. Any shocks present in the tunnel were thought to be caused
by unsmooth surfaces and also a misshapen converging diverging section. The original directive for this project was
the removal of the shocks from the tunnel, on the assumption that those shocks where present. Once those
assumptions were put to the test they did not hold. The pitot tube setup had to be corrected. An attempt at repairing
or restructuring the Schlieren was also done.
When the results of testing did not make sense, the assumptions were tested methodically one at a time. The
pitot measurement setup proved not to be a viable measurement system because of the play in the system. The
device was physically bending vertically, causing the pitot tube to be at an off angle giving the false impression of a
large drop in pressure. The Schlieren was missing a critical component in order to function properly and its
architecture prevented it from working correctly with the MSWT because of vibration issues.
The movement of the pitot system was eventually solved by adding a cross bar to restrict horizontal movement in
the test section. Vertical movement was corrected by changing the way the pitot tube was attached to the traverse
and using tight fittings. The traverse was also lifted and attached to the movable section of the tunnel, an
improvement over sliding back and forth on a wooden stand. It was also found that the pitot tube needed a recovery
time in order to properly function. The movement is also to be done top to bottom. Top to bottom is best because
once the pitot tube is stabilized, moving down increases the stiffness of the pitot tube holder. Since the moment arm
for the fluid is decreasing, because of the arm is getting shorter, so does the force on the pitot tube.
At the project’s end the pitot was corrected by the aforementioned solutions, interior of the tunnel was
refurbished and reshaped, and a new easy to use wedge was made for experimentation. With this equipment it is
now possible to get reasonably accurate measurements and also create a lab for undergraduate students. The
Schlieren system’s problem was also isolated and can now be dealt with in a future project.
When the wedge was installed reasonable results were attained. The wedge has a 15 degree angle that caused an
oblique shock of 33.85 degrees which was also confirmed by the Schlieren shadowgraph (showing an angle of 34
degrees). The pitot result had an error of 6.3% from the theoretical. When the stagnation pressure ratio was
measured the ratio came to be 0.8971. In our calculations a value of 0.9097 was theorized. The difference between
the result and the actual was approximately 1.39%. Overall the results allowed us to be confident that there is in fact
no shocks in the tunnel and that adding a 15 degree wedge will produce an easily reproducible shock.
In the future a new bracket that is one solid piece would be the best implement for the MSWT. By having one
solid welded section the pitot tube could be permanently fixed and give even better results. Fixing the mechanical
valve for the tunnel would also increase the ease of usability of the tunnel. The flow regulator, if possible, should be
adjusted to work under lower pressures but still maintain the ability to function at high pressures when the correct
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compressor can be found. An air dryer would also help the tunnel stay in good condition. Dry air would prevent the
large amount of condensation that happens every time the tunnel is run, causing serious corrosion. The interior of
the test section should also be coated with and anticorrosive layer or repainted in a clear coat to protect it. The
Schlieren system should be taken apart and recycled into a new system that is compatible with the tunnel, as in, it
can be isolated from the vibration enough to produce viable results. The mirrors also need to be looked at and
possibly replaced in the future. Many more projects can come about to correct the many issues that still afflict the
system. For now, the MSWT is giving good data that is worthwhile to use.
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VIII. Appendices
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Special Materials used list.
Plexiglas restorer: Crystal View Chemicals Inc’s Headlight Restorer/Defogger –Better than
3M’s solution (3M’s Solution is harder to implement) http://www.myheadlight.com/ or also
available at Walmart, and several Auto part Stores
Aluminum Polish: Blue Magic Liquid metal polish available at most hardware stores.
“Cold” welding material: JB WELD available at many hardware stores
5 Min Epoxy: Available at most hardware stores.
Plastic: Regular polyethylene plastic (Plastic found in Zip Lock bags). Just cut to proper size.
Medium sized Zip Lock bags have about the correct thickness. Different plastic can also be used,
just has to be the correct thickness for the fitting in question.
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